Abstract-We propose a new generalised spatial modulation (GSM) technique, which can be considered as a generalisation of the recently proposed spatial modulation (SM) technique. SM can be seen as a special case of GSM with only one active transmit antenna. In contrast to SM, GSM uses the indices of multiple transmit antennas to map information bits, and is thus able to achieve substantially increased spectral efficiency. Furthermore, selecting multiple active transmit antennas enables GSM to harvest significant transmit diversity gains in comparison to SM, because all the active antennas transmit the same information. On the other hand, inter-channel interference (ICI) is completely avoided by transmitting the same symbols through these active antennas. We present theoretical analysis using order statistics for the symbol error rate (SER) performance of GSM. The analytical results are in close agreement with our simulation results. The bit error rate performance of GSM and SM is simulated and compared, which demonstrates the superiority of GSM. Moreover, GSM systems with configurations of different transmit and receive antennas are studied. Our results suggest that using a less number of transmit antennas with a higher modulation order will lead to better BER performance.
I. INTRODUCTION
Very high data rates and spectral efficiency are essential for next generation mobile communications networks. Multipleinput multiple-output (MIMO) technology is one of the solutions to attain these goals by transmitting parallel data streams over multiple antennas, simultaneously [1] . The vertical Bell Laboratories layered space-time (V-BLAST) architecture [2] - [4] is a promising technique that is capable of realising the enormous capacity of MIMO systems. V-BLAST breaks input data into parallel sub-streams that are transmitted through multiple antennas. However, owing to the inter-channel interference (ICI) caused by coupling multiple signals in both the time and space domain, the detection of the signal at the receiver becomes very complex. For maximum likelihood (ML) detection, the computational complexity increases exponentially with the increase of the number of transmit antennas.
A plethora of ICI reduction algorithms have been reported in the literature, e.g., zero forcing (ZF) ordered successive interference cancellation (OSIC) [3] , and minimum mean square error (MMSE) OSIC [4] . At each time instant, rather than jointly decoding the signals from all transmit antennas, OSIC first decodes the "strongest" signal, and then cancels the effect of this signal on each of the other received signals.
The algorithm proceeds to decode the next "strongest" signal, and so forth. However, the receiver complexity of the OSIC detection algorithm is fairly high, resulting in large delays. In [5] , a new transmission approach is proposed only for binary phase shift keying (BPSK) transmission, which can avoid ICI at the receiver. In [6] - [10] , spatial modulation (SM) is introduced, which is an effective means to remove ICI because only one transmit antenna is active during any transmission period. SM utilises the active antenna index as an informationbearing unit. Any amplitude and phase modulation (APM) scheme can be used in conjunction with SM. For a transmit antennas SM system, the number of information bits conveyed by selecting an active transmit antenna at each time instant is log 2 . This does not, however, fully utilise all available antenna index combinations to convey information, due to the limitation of selecting only a single active transmit antenna at each time instant.
In this paper, we propose a novel approach that extends the concept of SM, dubbed generalised SM (GSM). In GSM, the number of active antennas that are selected for transmission at each time instant is (≥ 1). Therefore, multiple transmit antenna indices can be used to encode information bits. All the selected active antennas transmit the same modulation symbols. At the receiver, the active antenna indices are first identified, and then the modulation symbols are demapped. In comparison to SM, GSM is able to substantially increase spectral efficiency, owing to the use of multiple active antennas. Furthermore, since the same symbols are transmitted by all the active antennas, the bit error rate (BER) performance of the GSM system will be greatly improved due to antenna diversity. In fact, SM can be seen as a special case of GSM when = 1, which is unable to reap any transmit diversity gain.
The remainder of the paper is organised as follows. Section II describes the proposed GSM system model, followed by detailed discussions on the GSM mapping algorithm in Section III. The GSM detection algorithm is presented in Section IV. Theoretical analysis for the symbol error rate (SER) of GSM is conducted in Section V, whereas Section VI presents simulation results, which demonstrates the advantages of the proposed GSM approach. At last, concluding remarks are drawn in the final section.
II. GSM SYSTEM MODEL
We consider MIMO communications systems with transmit and receive antennas in this paper. For -ary quadrature amplitude modulation ( -QAM), the size of the constellation diagram is = log 2 . The GSM system model is depicted in Fig. 1 . Fig. 1 . The GSM system block diagram.
In Fig. 1 ]. The remaining − bits are used to select an index combination of active transmit antennas, as will be explained in the GSM mapping algorithm in the subsequent section. The transmit signal vector
] is then formed, and normalised to unit energy, i.e., E[x x] = 1. Among the elements of x, there are elements whose values are equal to , whereas the remaining elements are zero, since only antennas are active at each transmission instant.
is jointly determined by − and the total number of transmit antennas, which should satisfy the following inequality
The received symbol y, which is a × 1 vector, is computed as
where is the total transmit power that is assumed equally distributed over the active antennas. n is the ×1 additive white Gaussian noise (AWGN) vector. H is the channel matrix of size × , which can be written as
where h = [ℎ 1 , ℎ 2 , . . . , ℎ ] , (⋅) denotes the transpose of a vector or matrix, and ℎ is the path gain between transmit antenna and receive antenna . Equation (2) can be rewritten as
where h eff is referred to as the effective column, representing the sum of distinct columns of H, which correspond to the nonzero elements in x.
III. GSM MAPPING ALGORITHM
As mentioned in Section II, GSM exploits antenna index combinations as a means to represent information, as these index combinations can be used to encode information bits. For a MIMO system with transmit antenna, of which transmit antennas are active (0 ≤ ≤ ), there are ( ) possible combinations in total. We define as the maximum power of 2 that satisfies ≤ ( ) . All combinations can be conceived to constitute a virtual constellation in the spatial domain, which can be used to map − information bits in a block of bits. Each unique point of the spatial constellation corresponds to a distinct antennas index combination. For example, suppose there are five transmit antennas, and two antennas are active during each transmission. That is, = 5 and = 2, giving rise to ( ) = 10. Since the corresponding spatial constellation size needs to be a power of 2, we then have = 8.
On the other hand, an APM constellation is used to modulate the first information bits in the block. In general, any number of transmit antennas and digital modulation scheme can be employed. One example of the mapping rule for the case of = 4 and = 1 using BPSK modulation and five transmit antennas with two active antennas is given in Table I . In this example, is calculated to be 8. The first bit in the block of bits is mapped into a BPSK symbol, whereas the other three bits are mapped into a point in the spatial constellation. At each instant, the same BPSK symbol is transmitted through all the active antennas. However, if QPSK ( = 4) is adopted instead, the first two bits are modulated to a QPSK symbol, and the remaining two bits can be mapped into one of four total antenna index combinations, implying = 4. As a result, less transmit antennas are required. This example demonstrates that the size of the APM constellation diagram and the number of transmit antennas can be traded off in the GSM system.
In general, the following relationship holds true
By contrast, the number of bits transmitted per symbol period for SM systems is calculated as [10] = log 2 + log 2 .
Since ≥ for 0 ≤ ≤ , the spectral efficiency of GSM is higher than that of SM. In effect, (5) and (6) imply that SM is a special case of GSM with =1.
Compared with single antenna systems, GSM systems are able to increase the spectral efficiency by a factor of log 2 . When compared with V-BLAST systems, whose spectral efficiency increases linearly with the number of transmit antennas, GSM systems are spectrally less efficient. However, since GSM systems are immune to ICI, their BER performance can be significantly improved as opposed to V-BLAST systems.
IV. GSM DETECTION ALGORITHM
Since blocks of information bits are modulated by both the APM and spatial mapper in GSM, the detection algorithm em- ployed by the receiver entails estimating both the transmitted APM symbol and active transmit antenna indices. At the receiver, the channel matrix H is assumed to be known and normalised to unit gain. The detected signal vector can be obtained as follows
wherex is a × 1 column vector, i.e.,x = [˜ 1 ,˜ 2 , . . . ,˜ ] . Under the assumption of unity channel gains and for i.i.d. Rayleigh fading channels ,we have
The detailed detection algorithm at the receiver is described in Algorithm 1. ← position ofˆ inx 10 
As can be seen from Algorithm 1, the GSM detector will output˜ and N, which can be used to recover the original input information bits. In addition, since˜ is estimated by combining redundant receiving signals, detection accuracy will be substantially enhanced thanks to antenna diversity. Our simulation results in Section VI will validate this argument.
V. SER ANALYSIS OF GSM
As discussed in Section IV, the GSM detection algorithm involves estimating both the transmitted APM symbols and the indices of the active transmit antennas. Errors in both estimation processes will lead to symbol errors. Therefore, the SER analysis for GSM systems need to take into account both APM symbol detection errors, and indices detection errors. The two estimation processes are assumed independent in the following SER analysis for simplicity. This implies that the following derived analytical expressions will be an upper bound of the actual SER.
The overall SER, , consists of two components, i.e., due to demodulation errors, and caused by antenna detection errors. Therefore, can be written as
If there is only one transmit antenna, then is zero, and the overall SER is reduced to the case of maximal ratio combining (MRC) with multiple receive antennas. From (9), it is evident that the SER of GSM is larger than that of single-input multiple-output (SIMO) systems with MRC, since 0 ≤ , ≤ 1, ≤ , and − ≥ 0.
A. Analytical Probability of Error for Estimating Transmitted APM Symbols -
As discussed above, is equivalent to the SER of SIMO systems with MRC. The average SER of a square -QAM in generalised fading channels is given in [11] , [12] .
where
is the moment-generating function for Rayleigh flat-fading channels and SNR denotes the average signal-to-noise ratio (SNR) at each receive antenna.
B. Analytical Probability of Error for Estimating Active Antenna Indices -
This estimation process involves detecting the positions of maximum absolute values of all the elements in the received signal vector given in (7) . Antenna indices detection is successful only if all indices are correctly identified. For example, for a MIMO system with five transmit and five receive antennas using -QAM, we assume that the first and second transmit antennas are active at some time instant, i.e., = 2. At the receiver, since n is AWGN with mean zero and variance 2 , the first and second elements inx have mean and variance 2 , whereas the last three elements have mean zero and variance 2 . The -QAM modulated symbol can be decomposed into two independent signals, i.e., in-phase (I) and quadrature (Q) component. Let be the set of the positive real-part elements of the -QAM constellation diagram. The cardinality of is = 2 /2−1 and is its th element. Denote by the probability that the antenna index estimate is in error when transmitting . The average error probability for incorrectly detecting is given by
Similarly, the average error probability for incorrectly detecting the imaginary part is the same as . Therefore, when considering both the real and imaginary parts, can be calculated as
Let be the mean of the positive real-part of˜ , and be the absolute value of the real part of the detected symbol , which follows a Gaussian distribution with mean and variance 2 . The probability density function (pdf) of can be readily shown as
To detect active antennas from transmit antennas, order statistics [13] can be used to sort the random variables, which correspond to the absolute values of the real parts of the elements inx. Each variable has its own pdf with a different mean as given in (15).
Denote by (1) , . . . , ( ) the order statistics of random samples from a continuous population with a cumulative distribution function ( ) and a pdf ( ), where ( ) > ( −1) > ⋅ ⋅ ⋅ > (1) . Thus, the pdf of ( ) is give as [13] ( )
Consider the former example of five transmit antennas with two active antennas. As (5) > (4) > . . . > (1) , is zero for 1 ≤ ≤ 3, while is nonzero for 4 ≤ ≤ 5. The pdfs of ( ) for = 1, 2, ⋅ ⋅ ⋅ 5 using 64-QAM, when the SNR is 10 dB, 1 = 1, are depicted in Fig. 2 . The intersection points between (1) ( ), (2) ( ), (3) ( ) and (4) ( ), (5) ( ) correspond to the cases when the pdfs of the two variables are the same. Take for instance the intersection point between (3) ( ) and (4) ( ), shown in Fig. 2 . When is smaller than the intersection point, (3) ( ) is larger than (4) ( ). Therefore, the antenna indices will be incorrectly estimated. ( ), (2) ( ), (3) ( ) and (4) ( ), (5) ( ). Furthermore, (4) ( ), (5) ( ) have no overlapping regions with (1) ( ), (2) ( ), (3) ( ). This indicates that all the active transmit antenna indices can be correctly detected. That is, = 0.
Let 6 , 5 , 4 , 3 , 2 , and 1 be the intersection points between (5) ( ), (4) ( ) and (3) ( ), (2) ( ), (1) ( ), as shown in Fig. 2 . The error probability for each is given by averaging the multiple hypothesis errors as follows
For transmit antennas with active antennas, (17) can be rewritten as
VI. ANALYTICAL AND SIMULATION RESULTS
Simulations are carried out to demonstrate the performance of GSM systems. In our simulations, Rayleigh flat fading channels are assumed with AWGN. We also assume that the channel fading information is fully available at the receiver, and that transmit power is allocated equally among all the active antennas. We perform Monte Carlo simulations for 10 6 channel realisations.
A. Analytical and Simulation Results Comparison
We first compare the analytical and simulation results of the SER of GSM over i.i.d. Rayleigh flat fading channels. Fig. 4 demonstrates the performance comparison for the GSM system with five transmit and five receive antennas, 64-QAM and = 2. As can be seen from the figure, it is evident that our analytical and simulation results are in close agreement. This suggests that the analytical expression for the SER of GSM as derived in (18) is able to approach the real performance of the GSM system with high accuracy.
B. BER Simulation Results
We further compare the BER performance of both the SM and GSM system. For the purpose of comparison, we target = 6 b/symbol transmission with = 8 receive antennas and 8-QAM for both systems. However, the SM system has = 8, whereas the GSM system is configured with = 5 and = 2. Fig. 5 clearly demonstrates that the BER performance of GSM is much better than that of SM. It is observed in Fig. 5 that, at the BER of 10 −3 , the GSM system is able to attain around 18 dB SNR gain as opposed to the SM system under the same transmission rate. This clearly demonstrates that significant transmit diversity gains can be achieved by the GSM system. In GSM, the APM constellation size, and the numbers of the transmit and active antennas can be traded off to achieve better performance. We compare two GSM systems with different configurations. The first GSM system is configured with 64-QAM, = 5, and = 2, whereas the second system employs 32-QAM with = 6 and = 3. Both systems have six receive antennas and achieve the same transmission rate of 9 b/symbol. The BER results are shown in Fig. 6 , which suggests that the GSM system with a less number of transmit antennas but a higher order of modulation achieves better performance. 
VII. CONCLUSION
In this paper, a novel GSM approach is proposed, which can be considered as a generalisation of the well-known SM technique. In contrast to SM, GSM uses multiple active transmit antennas to encode information bits. Therefore, GSM is able to achieve much higher spectral efficiency as opposed to SM. Moreover, significant transmit antenna diversity gains can be realised by the GSM system, owing to the fact that all the active antennas transmit the same modulation symbols. This fact also contributes to the elimination of ICI from the GSM system.
We derive an analytical upper bound for the SER performance of GSM. Our analytical and simulation results closely match, which clearly demonstrates that the derived analytical expression is able to accurately predict the SER performance of GSM. Furthermore, we compare SM and GSM in terms of their BER performance. Our simulation results clearly show the proposed GSM scheme is able to achieve substantial performance gains compared to SM. Further simulation results are presented to demonstrate the flexibility of the GSM scheme by trading off the modulation constellation size, and the number of transmit and active antennas in GSM.
